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Abstract: We present a wavelength-swept coherent anti-Stokes Raman
scattering (WS-CARS) spectroscopy system for hyperspectral imaging
in thick tissue. We use a strategy where the Raman lines are excited
sequentially, circumventing the need for a spectrometer. This ﬁbre laser
system, consisting of a pump laser synchronized with a rapidly tunable
programmable laser (PL), can access Raman lines over a signiﬁcant fraction
of the high wavenumber region (2700-2950 cm−1) at rates of up to 10,000
spectral points per second. To demonstrate its capabilities, we have acquired
WS-CARS spectra of several samples as well as images and hyperspectral
images (HSI) of thick tissue both in forward and epi-detection. This
instrument should be especially useful in providing local biochemical
information with surrounding context supplied by imaging.
© 2011 Optical Society of America
OCIS codes: (170.3880) Medical and biological imaging; (300.6230) Spectroscopy, coherent
anti-Stokes Raman scattering; (180.4315) Nonlinear microscopy.
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1. Introduction
Raman based spectroscopy techniques are highly sensitive to the biochemical nature of materi-
als and have the high spatial resolution associated with optical microscopy. Fast identiﬁcation
of biochemical components in turbid materials has generated strong interest in live tissue spec-
troscopy since it makes disease diagnosis possibly achievable in situ. For example, the diag-
nostic potential of Raman spectroscopy has generated a large amount of literature in oncology
alone [1,2]. However, it has become clear that a clinically useful technique should also provide
context for diagnosis through imaging, something impossible with low sensitivity techniques
such as spontaneous Raman spectroscopy.
Coherent anti-Stokes Raman scattering [3, 4] is a nonlinear technique with the necessary
sensitivity for fast chemically-speciﬁc imaging. It requires two or more laser pulses of different
wavelengths to coherently excite a Raman active vibrational mode in a molecule. On the one
hand, the nonlinear nature of the process demands short pulses (ps or fs) with high peak power,
and on the other hand a system with good tunability or a large bandwidth is necessary for
spectroscopic measurements. Typical CARS systems based on optical parametric oscillators [5,
6] or synchronized Ti:Sapphire lasers [7,8] have been successful for imaging lipids, myelin and
#140148 - $15.00 USD Received 6 Jan 2011; revised 19 Mar 2011; accepted 22 Mar 2011; published 22 Apr 2011
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in spectroscopy. Broadband methods based on transform-limited ultrashort pulses [11–13] or
continuum generation [14] have been successful for spectral imaging of optically thin systems.
However, their need for a spectrometer to resolve the vibrational spectra results in very poor
collection efﬁciency in turbid materials such as tissue where diffusion is important. Methods
using spectral focussing of broadband excitation pulses avoid the need for a spectrometer but
rely on a mechanical delay line for vibrational tuning [15–17].
We propose a strategy where the Raman lines are excited sequentially at very high speed by
narrowband picosecond pulses. The wavelength-swept coherent anti-Stokes Raman scattering
system presented here is based on a master oscillator power ampliﬁer (MOPA) pump laser syn-
chronized with a rapidly tunable programmable laser (PL) as the Stokes beam. The spectral
bandwidth of this instrument covers most of the high wavenumber region (2700-2950 cm−1).
This strategy has many advantages compared to other existing methods. With the spectroscopic
information encoded in time (Fig. 1(a)), the detection can be done using fast and sensitive pho-
tomultiplier tubes. This is especially important for CARS spectroscopy in thick tissue where the
large ´ etendue of the scattered signal is not compatible with the small entrance slit of spectrome-
ters, resulting in poor collection efﬁciencies. Furthermore, this system allows random access to
any Raman line within its bandwidth. Since the acquisition time scales linearly with the number
of spectral points, this should prove to be an essential feature for applications where speed is
critical. Finally, the high ﬂexibility of the wavelength sweep rate can easily accommodate rapid
single point spectroscopy or hyperspectral imaging where a whole image is acquired for every
Raman line (Fig. 1(b)). In this manuscript, we use the system for WS-CARS spectroscopy as
well as single-line and hyperspectral imaging in thick tissue both in forward and epi-detection.
(b)
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0 2700 - 3000
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Fig. 1. (a) In wavelength-swept CARS spectroscopy, the Raman vibrations (Ω) are excited
sequentially and the spectroscopic information is encoded in time. (b) Hyper spectral im-
ages are constructed by raster scanning of the sample for every Raman line. Every pixel
contains a CARS spectrum.
2. Materials and methods
2.1. Synchronized ﬁbre lasers system
The synchronized ﬁbre lasers system presented here has characteristics tailored speciﬁcally for
CARS spectroscopy and hyperspectral imaging. The system is composed of a programmable
laser [18] and a MOPA driven by high-speed low-jitter electronics (Fig. 2(a)). The key charac-
teristic of this system is the ability of the PL to rapidly (up to 10 kHz) and arbitrarily access
any wavelength in its tuning range while maintaining synchronization with the MOPA. The
novel programmable laser is based on a dispersion-tuned, actively mode-locked scheme [19].
The dispersive elements are four chirped ﬁbre Bragg gratings (CFBG) that essentially establish
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repetition rates depending on the wavelength. Tuning is achieved by changing the driving fre-
quency of the electro-optic modulator (EOM) (Fig. 2(b)). The tuning range of the PL goes from
1524 nm (12.35 MHz) to 1608.6 nm (13.98 MHz) in steps of 0.1 nm that match the spectral
line widths of the laser pulses. The modulator is driven by a 25 picosecond pulse generator
triggered by the function generation circuit. A wavelength division multiplexer (WDM) is used
to combine the 980 nm pump and the signal into the erbium-doped ﬁbre. The PL is ampliﬁed
up to an average power of 35 mW using an erbium-doped ampliﬁer. The MOPA is based on a
1080 nm CW laser diode externally modulated through an EOM driven by a 25 ps pulse gen-
erator. The optical signal is ﬁltered and subjected to three stages of ampliﬁcation resulting in
nominally 100 mW of average power. We note that although every wavelength of the PL has a
different repetition rate it does not pose a synchronization problem since both the MOPA and
the PL are driven by the same function generation electronics including an arbitrary electronic
time delay. Since the delay between the pulse trains is controlled electronically, there is no need
for a mechanical delay line in the microscope optical path. Both lasers generate optical pulse
widths of less than 35 ps, corresponding to a CARS excitation line width of less than 0.5 cm−1.
The long pulses (nominally 6 times longer than ideal picosecond CARS sources) are more than
compensated for by the lower repetition rate (nominally 8 times lower than high repetition rate
systems) yielding peak power (or pulse energy) on the order of 240 W (8 nJ) and 85 W (3 nJ)
for the MOPA and PL respectively.
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Pulse
Pulse
Delay PL
MOPA EOM
EOM
980
1080
CFBGs
Amp Amp Amp
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WDM
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(b)
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CFBG EOM
Fig. 2. (a) Schematic of the synchronized lasers. The PL (blue) and the MOPA (red) are
driven by high-speed function generation electronics with adjustable delay (black). In the
PL, the wavelength is determined by the frequency generator through dispersion tuning
using four dispersive CFBGs and an EOM. The EOM is driven by a 25 picosecond pulse
generator. A wavelength division multiplexer (WDM) is used to combine the 980 nm pump
and the signal into the erbium-doped ﬁbre. The MOPA consists of a CW laser diode mod-
ulated through an EOM by a 25 ps pulse generator with the same repetition rate as the PL.
(b) The CFBG forms different cavity lengths for each wavelength. Tuning is achieved by
changing the driving frequency of the EOM, and consequently the repetition rate of the
laser.
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A schematic diagram of the experimental layout is shown in Fig. 3. The pump and Stokes
beams from the synchronized lasers are collimated independently in order to prevent two-
beams nonlinear interactions [20], and recombined using a long-pass ﬁlter at 45◦ (Semrock,
LP02-1319RS-25). The beams are sent to a homemade laser-scanning microscope which col-
lects non-descanned light in both forward- and epi-direction conﬁgurations. A gold coated
52X/0.65NA reﬂecting objective optimized for IR light with cover slip correction (140 μm)
is used for imaging (Edmund Optics, 25-0548-020). This objective does not suffer from mate-
rial absorption since gold has a very good reﬂectivity in the near IR (R >98%) but is minimally
affected by obscuration (16.7%) due to the Cassegrain design. Furthermore, it is free from
chromatic aberration. The optical power at the sample is 40 mW and 15 mW for the pump and
Stokes beams respectively (∼40% of the laser output power). The forward generated CARS
signal is collected by a 40X/0.8NA water immersion objective (Olympus, LUMPlanFl/IR),
while the epi-detected signals returns through the illumination objective. Both forward and
epi CARS signals are extracted by long-pass ﬁlters used at 45◦ (Semrock, LP02980R-25) and
ﬁltered using combinations of two bandpass ﬁlters (Semrock, FF01-832/37-25 and Chroma,
ET801/90m) before being detected by photomultiplier tubes (PMT) detectors (Hamamatsu,
R3896). A homemade data acquisition system implemented in Matlab is used for WS-CARS
spectroscopy experiments. ScanImage [21] is used for imaging and HSI experiments. For the
system characterization experiments, a broadband 50/50 beam splitter is inserted in the beam
path to send part of the excitation beams to a BBO crystal for sum frequency generation (SFG).
The ﬁltered (Semrock, FF01-640/14-25) SFG signal is measured using a silicon photodiode
(Thorlabs, PDA36A).
Frequency
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Fig. 3. WS-CARS microscopy setup. Pulses from the synchronized lasers are collimated
separately, combined with a long-pass ﬁlter (LP1) and then routed to a homemade laser
scanning microscope. The beams are focused on the sample using a 52X/0.65NA reﬂecting
objective (RO). The CARS signal is extracted with long-pass ﬁlters (LP2), ﬁltered using
bandpass ﬁlters (BP1,B P 2) and detected with PMTs in the epi- and forward- directions. A
beam splitter (BS50/50) can be inserted in the path for characterization experiments. The
SFG generated in a BBO crystal is ﬁltered (BP3) and detected using a photodiode (PD).
2.3. Synchronized lasers system optimization and characterization
For every wavelength of the PL, the dispersion resulting from the laser cavities and the addi-
tional optics in the setup has to be electronically compensated to ensure temporal overlap of
the pulses from both lasers at the sample. The function generation electronics triggering the
lasers provide an adjustable time delay between both pulse trains. It can be tuned with high res-
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For example, the delay resolution at 12 MHz (83.3 ns of round trip time) is 1.27 ps. In order
to optimize the temporal superposition of the pulse trains, SFG is performed in a BBO crystal.
The SFG signal is recorded while the time delay between the PL and the MOPA is swept at
high speed (Fig. 4(a)). The optimal time delays are compiled in a lookup table that is used to
automatically adjust the electronic delay when the PL wavelength is changed. Since the delay
is controlled electronically, this can be done very rapidly (∼10 ms/sweep) and in an automated
fashion. The SFG delay curves are the cross-correlation of the pulses from both lasers [7]. For
example, the 50 ps FWHM of the cross-correlation in Fig. 4(a) corresponds to about 35 ps
for both laser pulses. This result is conﬁrmed by the autocorrelation of the MOPA pulses (not
shown). The pulse widths of the PL remain constant across the whole tuning range except for
a slight broadening caused by a lower gain at the upper end of the range. The inset shows the
SFG signal ﬂuctuations at the half-maximum time delay over the course of 60 seconds. Since
these ﬂuctuations are due to both the timing jitter and power ﬂuctuations in the MOPA and PL,
we can set an upper limit of 2.4 ps on the timing jitter from the measurement. The signal is
measured through a 1.9 MHz low-pass ﬁlter and sampled at 5 MHz to avoid aliasing problems
and averaged over 1 ms.
The key feature of this system is its ability to rapidly and arbitrarily change the wavelength
difference between the two lasers while maintaining synchronization and temporal overlap at
the sample. This is demonstrated in Fig. 4(b) which shows wavelength sweeps for 3 different
tuning rates (20 μs/step, 100 μs/step and 1 ms/step). The resulting SFG spectra cover the whole
84 nm tuning range with a resolution of 1 nm. SFG is a better indicator of CARS efﬁciency than
average laser power since it depends directly on the nonlinear mixing of the pulses as can be
seen by comparing SFG (lines) and PL power spectra (black diamonds). The SFG signal level is
constant from 1525 nm to 1560 nm and then progressively drops due to the lower gain of the PL
ampliﬁer at higher wavelengths as well as inefﬁciencies of the BBO crystal. This will translate
into lower CARS efﬁciencies for spectroscopy at longer wavelengths, as will be shown in Fig. 6
and 7. The sweep consistency is maintained as the sweeping rate increases, showing only some
slight variations at 100 μs/step and some degradation at 20 μs/step. At rates of 1 ms/step and
slower, the shapes of the spectra are identical and highly repeatable. The ripples in the spectra
are caused by the transfer function of the PL optical components, especially the chirped ﬁbre
Bragg gratings.
Figure 4(c) shows a typical SFG time series (blue) highlighting the PL cavity dynamics
following wavelength changes at 50 μs/step (black). The actively mode-locked operation is
usually established in 15 μs (red) but may require more time at longer wavelengths near the end
of the tuning range. For this reason, we operate the PL at tuning rates of 100 μs/step or slower,
discarding the ﬁrst 15 μs of acquired data. This dead time is a result from the erbium-doped
ﬁbre gain dynamics and could be overcome using other gain media such as semiconductor
optical ampliﬁers.
Figure 4(d) shows an epi-CARS image of a thin-ﬁlm interface of water (which does not
contain C-H bonds) and peanut oil acquired at 2850 cm−1 (PL tuned to 1560 nm). The 4%
signal-to-background ratio from the average line proﬁle yields an upper limit to the nonresonant
background contribution. In fact, most of the background signal comes from the PMT dark
noise and a small leakage of the pump laser through the optical ﬁlters. This small nonresonant
contribution is explained by the 35 ps pulse length [22], since the non-resonant background
decreases for increasing pulse widths.
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Fig. 4. (a) Typical cross-correlation trace between the PL and the MOPA, used to cali-
brate the temporal overlap of the pulses at the target and to characterize their pulse widths.
The delay sweep acquired at a rate of 50 μs/step (λPL = 1560 nm, total time = 7.5 ms).
Inset shows the half maximum SFG signal recorded over 60 seconds. (b) SFG spectra
acquired at different sweep rates are highly repeatable. The diamond curve indicates the
power spectrum of the PL. (c) SFG time series (blue) reveals the PL cavity dynamics fol-
lowing wavelength changes (black). The stabilization period (red) typically lasts 15 μs.
(d) CARS image of the interface of a water-oil thin ﬁlm indicates that the non-resonant
background is at most 4%.
3. Results and discussion
3.1. CARS imaging
The imaging capabilities of the WS-CARS microscope are demonstrated on a mouse ear. The
adipocytes are clearly visible in both the forward- (Fig. 5(a)) and epi-detected (Fig. 5(b)) im-
ages. This epi-detection capability isa direct consequence of the wavelength-swept strategy that
removes the necessity of using a spectrometer for collection and permits an efﬁcient collection
of all the CARS photons with a large area PMT. The anti-Stokes signal in the images comes
from the symmetric CH2 stretching mode of the lipids present in the structures approximately
80 μm deep in the skin. The images are an average intensity projection of 10 frames acquired
in a total of 7.5 seconds.
3.2. WS-CARS spectroscopy
The wavelength-sweep mode is used for single point spectroscopy by rapidly tuning the PL and
recording the anti-Stokes signal. The maximum spectral resolution of the system is given by
the CARS excitation line width of less than 0.5 cm−1 and the matching minimal tuning step
of 0.4 cm−1. Typical Raman line widths in the high wavenumber region are on the order of
several tens of cm−1. Hence, the tuning step in the experiments can be adjusted without any
loss of information.
In Fig. 6(a), WS-CARS spectra of different chemical species (peanut oil, dimethyl sulfoxide
(DMSO), silicone and polystyrene) are presented. The spectral asymmetry in nonlinear efﬁ-
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Fig. 5. Ex vivo CARS images of adipocytes in a 1-mm-thick mouse ear acquired in the
forward- (a) and epi- (b) direction at 2849 cm−1. The signal in image (a) is approximately
6 times brighter than (b). The images are an average of 10 frames acquired in a total of
7.5 seconds. Scale bars are 20 μm.
ciency from this laser system (see Fig. 4(b)) modulates the intensities of the Raman lines but
not their spectral positions. Peanut oil is composed mainly of unsaturated fatty acid (56.6%
oleic acid and 26.7% linoleic acid). Its Raman band, attributed to the symmetric CH2 stretch-
ing mode, shows a strong peak at 2849 cm−1. Pure DMSO has an intense Raman band at
2914 cm−1 attributed to the symmetric CH3 stretching vibrations of its methyl groups. Silicone
and polystyrene have slightly more complex spectra which are also weaker. The liquid sam-
ples are placed in a 140 μm deep chamber on a microscope slide and covered by a cover slip.
A mixture of 10 μm polystyrene beads (Polysciences) and water is used in a similar manner.
Proper alignment of the excitation beams on a polystyrene bead is done using a CARS im-
age such as the one presented in Fig. 6(b). All the spectra are acquired in 622 ms at a rate of
2 ms/step. They cover the range from 2697.6 to 2954.1 cm−1 with an acquisition resolution of
0.8 cm−1 (321 points). Figure 6(b) shows two images of 10 μm diameter polystyrene beads
in peanut oil recorded at two different Raman lines. The image acquired at 2849.0 cm−1 (top)
emphasizes the contribution from the surrounding oil while the image acquired at 2889.8 cm−1
(bottom) highlights the equal contributions of the polystyrene and the oil at that wavenumber.
The images are an average intensity projection of 10 frames acquired in a total of 7.5 seconds.
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Fig. 6. (a) WS-CARS spectra of peanut oil (red), DMSO (blue), silicone (purple) and
polystyrene beads (green). Each spectrum ranges from 2697.6 to 2954.1 cm−1 with a reso-
lution of 0.8 cm−1. The PL tuning rate is 2 ms/step and the total acquisition time is 622 ms
per spectrum. (b) CARS images of polystyrene beads in peanut oil recorded at 2849.0 cm−1
(top) and 2889.8 cm−1 (bottom) in the forward direction. Scale bars are 10 μm.
Next, the sensitivity and speed of the single point spectroscopy mode is demonstrated. Fig-
ure 7 shows WS-CARS spectra of various fatty acids of different degrees of saturation. Fatty
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CH2–CH2–...) which can be saturated or unsaturated to various degrees. The degree of unsat-
uration can be determined based on their nonlinear Raman signature [23]. As seen in Fig. 7
the number of double bonds in the chain alters the relative shape of the spectra. The spectra
are in good agreement with previously published spontaneous Raman spectra [24]. Olive oil,
composed mostly of oleic acid and palmitic acid, is 13% saturated, 73% monounsaturated and
11% polyunsaturated. The other fatty acids are docosahexaenoic acid (DHA), eicosapentaenoic
acid (EPA) and arachidonic acid (AA) which have respectively six, ﬁve and four C=C bonds in
their aliphatic chains. The samples are placed in a 140 μm deep chamber on a microscope slide
and protected by a cover slip. Each spectrum ranging from 2697.6 to 2989.7 cm−1 with an ac-
quisition resolution of 0.4 cm−1 (711 points), is acquired in 71 ms at a rate of 100 μs/step. The
data is ﬁltered using a running average algorithm with a window of 11 pixels for an effective
resolution of 4 cm−1.
Fig. 7. WS-CARS spectra of unsaturated fatty acids. Olive oil (OO) is 13% saturated and
73% monounsaturated, arachidonic acid (AA) has 4 double bonds, eicosapentaenoic acid
(EPA) has 5 double bonds and docosahexaenoic acid (DHA) has 6 double bonds. Each
spectrum was acquired in 71 ms at a rate of 100 μs/step.
3.3. WS-CARS hyperspectral imaging
Inthissection,hyperspectralimagingofaskinsampleincubated inDMSO(Fig.8)ispresented.
DMSO is a lipophobic compound that easily penetrates the skin. For this experiment, a com-
plete mouse ear is kept in DMSO for 2 hours at room temperature and placed on a microscope
slide for imaging. The HSI is acquired using ScanImage externally triggered by the synchro-
nized lasers system during a wavelength sweep ranging from 2786.8 cm−1 to 2950.1 cm−1
with a resolution of 2 cm−1 at a rate of 1 Hz. The acquisition time for the 256x256x81 HSI
is 81 seconds (1.2 ms per spectrum) with a corresponding true pixel dwell time of 6.4 μs per
wavelength. This pixel dwell time is comparable to what is achieved using commercial systems,
and emphasizes that the system is almost as efﬁcient as ﬂuorescence microscopes while provid-
ing full spectral information. A closer look at the HSI shows that the fat is compartmentalized
in the adipocytes (Fig. 8 left image, 2849 cm−1) while the DMSO is constrained to the extra-
cellular space (Fig. 8 right image, 2914 cm−1). The lipophobic nature of DMSO is also evident
in the spectral projection (Fig. 8 central panel) where we can see that the two compounds are
mutually exclusive.
Discrimination between chemical species can be done much more rapidly by imaging only
the relevant Raman bands since the integration time scales linearly with their numbers. For
example, a look at the spectra from Fig. 8 shows that DMSO has a vibrational resonance
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Fig. 8. Hyperspectral CARS images of mouse skin incubated in DMSO for 2 hours. The
left and right images correspond to the lipid (2849 cm−1) and DMSO (2914 cm−1) Raman
line. The central panel shows a spectral projection along the dotted lines. The adipocytes
and DMSO CARS spectra (4-pixel-wide red and blue boxes in central panel) are shown on
top. A total of 81 images were acquired at a rate of one frame per second. Every pixel in
the HSI is a spectrum ranging from 2786.8 cm−1 to 2950.1 cm−1. Acquisition time for the
256x256x81 HSI is 81 seconds (1.2 ms per spectrum). The images were acquired in the
forward direction. Scale bar is 10 μm.
(2914 cm−1) which is well separated from the lipid peak (2849 cm−1). Therefore, they can be
easily differentiated using random access multi line imaging resulting in much shorter acquisi-
tion times. Furthermore, since this system can access any arbitrary sequence of Raman lines in
its tuning range, multi line imaging can easily be scaled to suit more demanding experiments.
This will be especially useful for applications such as in vivo tissue diagnosis where many vi-
brational lines would be needed to identify complex tissue constituents with great speed. In this
example, after proper identiﬁcation of the diagnostically relevant Raman lines, imaging could
be performed over a large area in a short time.
4. Conclusion
We presented a wavelength-swept approach to CARS microscopy that is especially well suited
for experiments on thick tissue where scattering plays an important role. This system does not
require a spectrometer that would limit collection efﬁciency and prevent epi-detection. The cur-
rent system conﬁguration is designed to access Raman lines within most of the high wavenum-
ber region (2700-2950 cm−1). Tuning speeds of up to 100 μs per spectral points are demon-
strated with the acquisition of CARS spectra of various samples. As well, CARS hyperspectral
images containing tens of thousands of spectra are acquired in just over a minute. Thanks to the
12 MHz repetition rate, efﬁcient CARS generation is possible even with 35 ps pulses. Strategies
to shorten the pulses, using for instance a shorter pulse generator or a time-lens [25], are being
explored. This ﬂexible all-ﬁbre system could bridge an important gap between fundamental re-
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with the richness of spectroscopic information.
Acknowledgments
This research was funded by the Collaborative Health Research Program, the Canadian Institute
for Photonics Innovation, the Fonds qu´ eb´ ecois de la recherche sur la nature et les technologies
and the Canada Research Chair Program. The authors would like to acknowledge Stephane
Pag` es, Olivier Dupont-Th´ erien, Erik B´ elanger and Joel Cr´ epeau for helpful discussions.
#140148 - $15.00 USD Received 6 Jan 2011; revised 19 Mar 2011; accepted 22 Mar 2011; published 22 Apr 2011
(C) 2011 OSA 1 May 2011 / Vol. 2,  No. 5 / BIOMEDICAL OPTICS EXPRESS  1306